Oxidation of reduced nicotinamide adenine dinucleotides is a common event for many biochemical reactions. However, its exploitation for ultrahigh-throughput screening purposes is not an easy task and is affected by various drawbacks. It is known that such nucleotides induce quenching on the fluorescence of several dyes and that this quenching disappears with oxidation of the nucleotide. We have made use of this property to develop an assay for high-throughput screening with NADH-and NADPH-dependent reductases. Full screening campaigns have been run with excellent assay quality parameters, and interesting hits have been identified. The method is amenable to miniaturization and allows easy identification of false positives without needing extra secondary assays. Although it is based on monitoring substrate consumption, it is demonstrated that the effect of fractional conversion on assay sensitivity is negligible. (Journal of Biomolecular Screening 2006:75-81) 
INTRODUCTION
T HE INVOLVEMENT OF reduced nicotinamide adenine dinucleotides (i.e., NADH and NADPH, referred hereafter as "NAD(P)H") as electron donors in many biochemical processes and the fact that they can be easily monitored, either directly or through the use of coupling enzymes, make them a suitable tracer for biological reactions. However, current methodologies intended for such purpose are affected by severe drawbacks from a highthroughput screening (HTS) perspective. The product of NAD(P)H oxidation, NAD(P), is hard to detect because it does not have suitable spectral properties and its production cannot be linked to a convenient enzyme cascade, as most of the enzymes processing NAD(P) also act on NAD(P)H. Therefore, the reaction is usually tracked by monitoring the amount of the remaining reduced nucleotide.
Monitoring absorbance at 340 nm (Abs340) decrease has been the traditional method of choice for many years. However, this technique is obviously not applicable to HTS as it demands a critical path length. Given that the readout is performed in a microplate, the path length is defined by the height of the liquid in the well. Therefore, a minimum path length ultimately means a minimum volume that is far above the current HTS trends. In addition, the low wavelength used makes the technique prone to interferences by compounds. Finally, the method is poorly sensitive. Indeed, according to the molar extinction coefficient of NADH and NADPH (6.22 mM -1 cm -1 ), concentrations greater than 50 µM are needed for a volume of 100 µl in a typical 96-well plate to distinguish signal from background.
A classic approach to monitor NAD(P)H concentration was based on exploiting its redox properties to transform several tetrazolium salts into colored products. 1 Given the higher wavelengths used, this method is less sensitive to interferences, although it is not totally free of them and still presents the same problems derived from the difficulties in miniaturization. On top of that, there are some other serious inconveniences such as the poor solubility of tetrazolium salts or their extreme sensitivity to light and to reducing agents commonly present in buffers. 2 With the aim of circumventing these issues, fluorescence intensity (FLINT) methods have been increasingly used over the recent years. Direct measurement of NAD(P)H fluorescence is hampered by the combination of low sensitivity and high inner filter effects. 3 However, an interesting alternative is the generation of a fluorescent product from the reduction of a dim reagent by the remaining NAD(P)H. Usually, such a product is resorufin, generated either by reduction of resazurin (catalyzed by diaphorase) 4 or by conversion of Amplex Red™ (catalyzed by peroxidase, which uses H 2 O 2 released by NAD(P)H oxidase). 5 Although more sensitive than the absorbance one, these methods are still far from being ideal. They use additional enzymes and thus are sensitive to spurious effects of the compounds on them. Because they monitor the remaining NAD(P)H, thus competing for it with the target, they are not amenable to kinetic online detection but only to end-point formats. Moreover, as the remaining substrate is being measured, a high fractional conversion is needed to ensure an adequate signal-tobackground ratio.
The ability of reduced nucleotides to quench fluorescent molecules was first reported in 1992, 6 when the term substrate-induced quenching (SIQ) was first coined. In this original article, the authors described that in the presence of NADH, thionine undergoes a cyclic photo reaction yielding NAD and the ground state thionine, as summarized in Figure 1 . This opened the possibility to monitor NAD(P)H consumption in a different manner because the decrease in nucleotide concentration could be detected as a relief from the induced quenching with a subsequent increase in fluorescence. Consequently, this method was applied to measure ethanol 3 and glucose levels 7 and to monitor the activity of α-ketoglutarate. 8 However, the method had not been used in miniaturized, HTScompatible format.
In an earlier publication, 9 we described quenching of resorufin fluorescence by NAD(P)H occurring at high excitation intensity, such as laser excitation on a confocal detection system, and demonstrated the application of this effect to monitoring the activity of alcohol dehydrogenase. Confocal detection systems allow configuring assays in highly miniaturized formats. In this article, we have put this to use and have developed SIQ assays based on NAD(P)H quenching of resorufin and run HTS campaigns for 2 enzymes: a human NADPH-dependent reductase (Enzyme-1) and a microbial NADH-dependent reductase (Enzyme-2). As data for the 2 enzymes are similar (therefore proving that the technique is equally applicable to both types of nucleotides), we will focus on the 1st one to show the benefits of SIQ in a real HTS case.
MATERIALS AND METHODS
All reagents used were of the highest purity available and from Sigma (St. Louis, MO), except resazurin, resorufin, and Amplex Red™, which were purchased from Molecular Probes (Leiden, the Netherlands). Enzyme-1, Enzyme-2, and NAD(P)H oxidase (NOX) were cloned, expressed, and purified at GlaxoSmithKline by the Gene Expression and Protein Biochemistry Unit.
SIQ measurements
SIQ measurements were carried out in Evotec FCS+plus Research Reader (Evotec Technologies, Hamburg, Germany) in 384well plates using a final volume of 20 µl. The screening campaign was run in an Evotec Mark-III™ platform (3-µl assay volume in 1536-well polystyrene plates with glass bottom; Evotec Technologies). The corresponding dye was mixed with the desired concentration of NAD(P)H, and fluorescence was recorded after exciting and monitoring emission at the appropriate wavelengths.
Enzyme assays
Enzyme assays were performed in appropriate microplates: 384-well plates when measuring FLINT (polystyrene, black, lowvolume plates; Greiner Bio-One, Gloucestershire, UK) and SIQ (polystyrene plates with glass bottom; Evotec Technologies), 96wells plates for absorbance kinetic measurements (polystyrene clear plates; Greiner Bio-One). Reaction volumes were 20 µl for FLINT and SIQ or 80 µl for absorbance measurements. NADPH concentration was 30 µM (K m = 30 µM), and the rest of the Enzyme-1 substrates were at concentrations around their K m values, whereas Enzyme-1 was usually at 40 nM. The reactions were initiated by addition of a solution including enzyme and one of the substrates to mixtures including the other substrates, all in 50-mM sodium phosphate buffer, pH 7.0, containing 0.2% pluronic acid F127. If the reaction was going to be monitored by SIQ, 10 nM resorufin was included in both solutions to enable prereading intended for detecting quenchers. The reaction was finally stopped by addition of 5 µl of a suitable known Enzyme-1 inhibitor. Readouts were performed in SpectraMax™ (absorbance) or Analyst (FLINT), both from Molecular Devices (Sunnyvale, CA) or Evotec FCS+plus Research Reader (SIQ).
HTS campaign
HTS was run in a Evotec Mark-III™ platform (3-µl assay volume in 1536-well plates). A total of 30 nl of compounds in neat DMSO had been previously dispensed to the plates, which were subsequently filled with 2.5 µl of a mixture of all the substrates (except NADPH) and 10 nM resorufin in 50 mM phosphate buffer at pH 7.0 including 0.2% pluronic acid F127. A confocal FLINT measurement of the plate was performed immediately afterward. Then, 500 nl of a mixture containing 180 µM NADPH, 240 nM enzyme, and 10 nM resorufin in the same buffer were subsequently added. Plates were incubated at room temperature for 45 min. At that time, 300 nl of an inhibitor solution was added, followed by a 2nd confocal FLINT measurement. Data from the 1st and 2nd measurements were normalized with respect to control wells, in which the enzyme reaction takes place in the absence of any com- pound, and were further compared to identify compounds causing quenching.
RESULTS
With the aim of finding the most suitable dye to apply SIQ in the HTS arena, the quenching effect of NADH and NADPH on several fluorescent tracers was studied. Figure 2 shows that quenching effect on different dyes at 1 nM, as well as the quenching curves for some of them, obtained in an Evotec FCS+plus Research Reader. Although all the tested dyes showed quenching responses to the reduced nucleotides, resorufin showed the largest effect and the highest sensitivity, so this was the dye of choice for further work. Also, the quenching curves were similar for NADH and NADPH and were not affected by the presence of the oxidized nucleotide (data not shown), making this system suitable to be used in a real assay.
From Figure 2B , one can also deduce the appropriate range of NAD(P)H to be detected by SIQ (i.e., from~0.3 µM to~40 µM), which ultimately determines assay conditions in terms of substrate and enzyme concentrations. Previous kinetic experiments revealed that K m (NADPH) for Enzyme-1 was 30 µM (data not shown). Therefore, it was possible to fix enzyme concentration and extension of the assay to fall within the appropriate SIQ conditions using nonsaturating concentrations of the reduced nucleotide. As shown in Figure 3 , the use of 30 µM NADPH with 40 nM Enzyme-1 caused a decrease of NADPH concentration in 45-min that sufficed to be adequately monitored by SIQ. Therefore, HTS conditions were selected to be 40 nM enzyme, 30 µM NADPH, and 45min incubation time. According to this figure, it is estimated that NADPH fractional conversion at that time is about 0.7. It is important to notice that the magnitude of the observed quenching effect, which dictates the signal-to-background ratio in the assay, is dependent of the intensity of the exciting light. Figure 4 shows the different signal-to-background values obtained for the Enzyme-1 reaction exciting with different intensities of the light source. It is evident in this figure that better quenching effects, hence better signal-to-background ratio values are obtained with higher excitation intensities. This favors the use of equipments with high-intensity light sources (e.g., laser beams) to fully exploit the capability of this technique.
Besides this SIQ approach, 2 different assay formats were also developed for Enzyme-1, both based on FLINT detection of the remaining NADPH after having stopped the reaction using diaphorase and resazurin or NOX, peroxidase, and Amplex Red™. A summary of the 3 assay formats available for Enzyme-1 is shown in Table 1 . It stands out that SIQ, together with the diaphorase format, yields the best Z′ factor value, but importantly, as a direct consequence of miniaturization, it requires the lowest amount of enzyme for the HTS campaign (which is critical for Enzyme-1 as it is a precious protein difficult to produce). This assay format still keeps an acceptable tolerance to DMSO, it does not use coupling enzymes (thus being insensitive to artifactual effects on these), and it demands a NADPH fractional conversion lower than the other 2 formats. Therefore, SIQ has been shown to be superior to FLINT for running HTS of this enzyme. Moreover, reagents were very stable (overnight stability achieved just by keeping the enzyme cooled to 10°C), and the signal remained unchanged at least 4 hours after the reaction was stopped (data not shown).
That this assay format is pharmacologically meaningful is evident in Table 2 , which shows the results yielded by a known Enzyme-1 inhibitor in different assay formats. Results obtained using SIQ were similar to those with any of the other methods, including the "traditional" detection of Abs340.
Using the procedure developed above, an HTS campaign was run against Enzyme-1 as described under Materials and Methods. The major disadvantage of SIQ with regard to other formats is the possibility of finding false positives due to compounds quenching resorufin. Therefore, a strategy had to be developed to identify these readily. It was decided to add the dye to the compounds as the 1st reagent (in the absence of NADPH) and preread the plate; then, the remaining reagents (NADPH included) were added and the as- data. Regarding the former, Figure 6 shows the distribution of Z′ factor values throughout the campaign. The resulting median Z′ factor was 0.8, and plates with Z′ factor values less than 0.4 were discarded (2% of the total screened). The statistical distribution of the resulting data is displayed in Figure 7 : A normal distribution was fitted to the data, giving a good representation of inactive compounds and enabling us to set a statistically sound threshold for selection of active compounds (established at 22% inhibition). Using this figure, a total of about 13,000 compounds were selected. These were subsequently filtered and prioritized according to their level of chemical interest as well as to their potencies. As stated above, one of the most important filters was established to rule out false positives, which were quenchers rather than genuine Enzyme-1 inhibitors. This was done by 2D-analysis of the response of the compounds in the prereading (before NADPH was added) and their actual percentage of inhibition in the reaction readout (after Enzyme-1 reaction was carried out in the presence of NADPH): Figure 8 shows how the population of real positives could easily be identified and distinguished from that of quenchers without the need of performing any extra secondary assay. After applying various chemical criteria, 93 compounds belonging to 6 different chemical classes were finally selected and progressed: Figure 9 shows the results obtained with analogs of 3 of these chemical families. There is an evident gradation in potencies, covering more than 2 orders of magnitude within each series. This indicates the presence of structure-activity relationships within these compound series, which is a promising starting point for progressing to a lead compound by iterative synthetic modifications and screening of these compounds. 
DISCUSSION
The application of SIQ for HTS of NAD(P)H-oxidizing targets seems to overcome most of the difficulties associated with them. It is a signal-increase method, which allows a more intuitive interpretation of results because an increase in the biological activity of the target is associated with an increase in the observed signal. However, it is true that it is based on the detection of substrate consumption, and therefore a significant fractional conversion is needed to achieve an acceptable signal window.
The effect of fractional conversion on the sensitivity to inhibitors has been studied, 10 and it was shown that such effect on sensitivity was more significant in the case of weak inhibitors. In their article, Wu et al 10 described such differences in sensitivities as changes in IC 50 values. Given that in HTS the effect at a single concentration is measured, we have transformed the expression obtained in that article to reflect the degree of inhibition (or, inversely, of remaining activity) at a given concentration of inhibitor: from equation 8 in the work of Wu et al, 10 it easily follows that
where R′ is the observed remaining activity at a given fractional conversion (called k/k′ 0 by Wu et al Figure 10 , and it shows the deviation of the observed inhibition from the actual inhibition as a function of the fractional conversion for different potencies (expressed as the inhibition caused at a single concentration). In the case of the HTS run for Enzyme-1, fractional conversion was kept at 0.7; according to Figure 10 , for such fractional conversion, the observed inhibition deviates from the actual one within the range of the experimental error. For example, a weak inhibitor causing 30% inhibition at the screened concentration will appear as causing 20% inhibition (actual/observed inhibition is 0.63 according to that plot), whereas another causing 80% inhibition will appear as causing 68% (actual/observed inhibition is 0.87 according to Figure 10) . It is the effect of the weakest inhibitors (usually ignored in any case) that will be more severely underestimated. Therefore, the effect of the fractional conversion in this case is negligible.
One of the major disadvantages of this technique is the need of a powerful light source. We have overcome this using an Evotec confocal system (Evotec FCS++) equipped with a laser beam. This equipment showed an extremely high accuracy in the SIQ readout: In our hands, typical coefficients of variation for resorufin quenched with 30 µM NADPH averaged 1.72%, and 1.33% was the average for unquenched resorufin. Applying these values to the Z′ factor equation 11 shows that a signal window of only 1.25 is needed to reach a Z′ factor of 0.6. This figure theoretically corre- . Potency of compounds found by analog search of highthroughput screening (HTS) hits. As a 1st step in the hit to lead process, analogs of hits from HTS were found in searches carried out in corporate databases. These were tested, yielding the results presented here for 3 of the chemical series identified. pIC 50 s were determined in triplicate using 11 points per curve in a 1:3 dilution series.
sponds to a fractional conversion of 0.2, showing that this parameter is not limiting the applicability of this technique even if it is based on the detection of substrate consumption. In addition to assay quality, the feasibility of miniaturizing the assay (the whole HTS was run in 3 µl) is another advantage offered by this system. Another HTS campaign has been run with Enzyme-2, a microbial NADH-dependent reductase. Although the individual details of this latter assay differ from those of Enzyme-1, the overall performance of the campaign is very similar and so is the output in terms of chemical series identified. This shows the suitability of SIQ for HTS of enzymes acting on both types of reduced nucleotides. 
